Mediatophore is a protein of "200 kDa able to translocate acetylcholine in response to calcium. It was purified from the presynaptic plasma membranes of the electric organ nerve terminals. Mediatophore is a homooligomer of a 16-kDa subunit, homologous to the proteolipid of V-ATPase. Cells of the N18TG-2 neuronal line are not able to produce quantal acetylcholine release. We show here that transfection of N18TG-2 cells with a plasmid encoding the mediatophore subunit restored calcium-dependent release. The essential feature of such a release was its quantal nature, similar to what is observed in situ in cholinergic synapses from which mediatophore was purified.
We have previously purified from the nerve terminal membranes of Torpedo electric organ a protein of "200 kDa able to translocate acetylcholine (AcCh) upon the action of calcium (1, 2) . The protein, named mediatophore, was localized at the active zones (3) and shown to be a homooligomer of a 16-kDa subunit. The sequence of the subunit was found to be homologous to the proteolipid present in the membrane sector of the V ATPase (4, 5) and also in gap junction proteins (6) . An antisense probe to the 16-kDa messenger selectively inhibited expression of the 16-kDa mediatophore subunit and suppressed AcCh release from Xenopus oocytes that were rendered able to synthesize and release AcCh after being injected with electric lobe mRNAs (7, 8) . These experiments together with pharmacological, morphological, and biochemical observations suggested that mediatophore might indeed be involved in the final step of release-i.e., the translocation of AcCh through the nerve terminal plasma membrane (9, 10) . The protein would form a pore, switched on by calcium and capable of releasing AcCh either from the cytoplasm or from vesicular stores (fusion pore). It was therefore crucial to determine whether mediatophore would by itself render cells able to release AcCh and whether such a release would display quantal properties as is the case for physiological transmission of nerve impulses.
Experiments along this line were difficult to plan, because the 16-kDa mediatophore subunit is also found in the VATPase, which is involved in storage processes, including the storage of AcCh in vesicles. Indeed, the vesicular AcCh transporter carries the transmitter in exchange to protons accumulated by V-ATPase (11, 12) . The problem was simplified when we found that the NG108-15 cells, which result from fusion of N18TG-2 and C6BU-1 cells, had high levels of the 16-kDa protein in their membrane. The 16-kDa protein is also abundant in the membranes of C6BU-1 cells but very low in those of N18TG-2 cells (13) . It was also found that NG108-15 and C6BU-1 cells release AcCh after being loaded with transmitter, while N18TG-2 cells were unable to release (13, 14) . In parallel work (15) , the same cell types were transfected with a plasmid encoding choline acetyltransferase and were studied in coculture with myocytes. As synapses were formed, miniature end-plate potentials were recorded from NG108-15 innervated myocytes, but no miniatures were found at synapses made by N18TG-2 on myocytes.
We therefore selected the release-deficient N18TG-2 cell line to transfect it with a plasmid encoding the Torpedo mediatophore 16-kDa subunit. The Torpedo mediatophore was indeed expressed and found to be present in the membrane fraction of transfected cells. When loaded with AcCh, the transfected cells became able to release the transmitter upon stimulation in a Ca2+-dependent manner. AcCh release was detected in real-time by using a Xenopus myocyte in contact with the stimulated cell. The release displayed clear quantal steps as in real synapses. Hence, we may consider that mediatophore is essential for the quantal release of AcCh.
MATERIALS AND METHODS
Cell Culture and Acetylcholine Loading. Neuroblastoma N18TG-2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with glutamine (2 mM) and 10% fetal calf serum. Cells were cultured at 37°C in a 10% C02/90% air mixture saturated with water, first in normal DMEM and then in DMEM without choline for 5 days. Cells to be used in release experiments were loaded with AcCh by incubation for a few to 15 h in the presence of AcCh (10-40 mM) after acetylcholinesterase inhibition with ecothiopate iodide (phospholine, 50 ,uM). The cells were then harvested, subjected to four cycles of wash-centrifugation (800 x g, 5 min) in DMEM without choline, and finally resuspended in the same solution (-5 X 106 cells per ml). The AcCh content of the cells was measured in 1-5 ,1. of cell suspension diluted 50-100 times in a solution of sucrose (120 mM) and Tris buffer (120 mM), pH 8.6, containing the cholineoxidase reaction mixture (16, 17) . After the initial light emission due to the presence of external choline or AcCh had reached the base line, cells were disrupted with Triton X-100 [0.4% (vol/vol), final concentration] to free the total cellular AcCh content that was measured in this way.
Transfection. Mediatophore cDNA was inserted into the Pvu II site of pREP4 (Invitrogen), a plasmid containing the promoter region of Rous sarcoma virus and a gene that confers resistance to hygromycin. Transfection of the N18TG-2 cells was performed by means of calcium phosphate precipitation. tDeceased, November 21, 1994. 1To whom reprint requests should be addressed.
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Xho I sites of the plasmid pMAM Neo (Clontech) downstream from the inducible promoter MMTV-LTR. N18TG-2 cells were transfected with DOTAP (Boehringer Mannheim) and selected with geneticin (400 ,ug/ml). Extraction of membrane proteins was done as described (14) . Western blots were performed with a monoclonal antibody directed to the purified Torpedo mediatophore subunit (mAb 15 K1) and visualized by using peroxidase-labeled IgG revealed by diaminobenzidine and H202 (DAB-enhanced system; Pierce).
AcCh Release. AcCh release was determined by using the cholineoxidase chemiluminescent procedure (16, 17) . A cell suspension volume corresponding to 1 nmol of total cellular AcCh was added to the reaction mixture, which, in this case, contained the calcium ionophore A23187 (4 ,tM) and EGTA (10 ,tM). Release was triggered by addition of 2-10 mM calcium (final concentration). Calibration was obtained by injecting AcCh standards into the reaction mixture.
Quantal AcCh Release. Transmitter release was also elicited by electrical stimulation of single cells and detected in real time by using a Xenopus myocyte as an AcCh detector (18) with modifications of the procedure to generate and record evoked transmitter release (13) . Neural tube and the associated myotomal tissue of 1-day-old Xenopus embryos were dissociated in Ca2+-and Mg2+-free saline supplemented with EDTA (12 ,uM). The cells were plated on glass coverslips and used for experiments 24-72 hr later, depending on storage temperature (12-22°C). Membrane currents were recorded from spherical muscle cells (myoballs) by the whole-cell patch-clamp method at room temperature in the Xenopus culture medium diluted 1:1 with frog Ringer's solution. The solution inside the recording pipette contained 150 mM KCI, 1 mM NaCl, 1 mM MgCl2, and 10 mM Hepes (pH 7.2). Myoballs were voltageclamped at -70 mV and the recorded membrane currents were stored on a DAT recorder for later playback. Currents were digitized and analyzed by using the whole cell program of J. Demster (University of Strathclyde, Glasgow, Scotland). AcCh-loaded N18TG-2 cells were washed, harvested, and delivered in the myocyte culture. Individual cells were manipulated into contact with a patched myoball and electrically stimulated by depolarizing external pulses (1-3 V; 1-4 ms), applied at a frequency of 0.7 Hz.
Extraction of Membrane Proteins and Gel Electrophoresis. N18TG-2 cells were disrupted in distilled water, homogenized in a glass Teflon Potter-Elvehjem homogenizer (106-107 cells per 10 ml). Nuclei were centrifuged at 180 x g for 10 min. The supernatant was then centrifuged at 12,000 x g for 30 min and the resulting pellet was resuspended in 0.2 M sucrose. Proteolipids were extracted in chloroform/methanol (5 ml for 30 min). Solubilized proteolipids were collected in the interface phase after centrifugation at 31,000 x g for 40 min. Proteolipids were precipitated by a 2-hr treatment at -20°C with 5 vol of ether and centrifuged (12,000 x g; 30 min). The pellet was dissolved in 5% SDS buffer and submitted to SDS/ polyacrylamide gel electrophoresis.
Immunocytology. The cells were grown on polyornithinecoated coverslips and fixed in methanol at -20°C for 5 min. They were washed in phosphate-buffer saline (PBS) (pH 7) and then treated for 30 min with PBS containing 1% bovine serum albumin (BSA), 50 mM NH4Cl, and 0.01% saponin. After washing in PBS/0.2% BSA/0.01% saponin, they were incubated with the primary antibody (rabbit anti-mediatophore antiserum) diluted 1:1000 in PBS containing 1% BSA. After 2 hr at 20°C, the samples were washed four times for 5 min each in PBS and incubated in anti-rabbit fluoresceinlabeled sheep antiserum at a dilution of 1:1000 in PBS with 1% BSA.
RESULTS
Expression of Torpedo Mediatophore in N18TG-2 Cells. A rabbit polyclonal antibody was previously raised against the Torpedo mediatophore and shown to recognize the mediatophore oligomer protein in its native membrane at the active zones of Torpedo nerve-electroplate junctions (3). The N18TG-2 cells transfected with a plasmid (pREP4) encoding the 16-kDa Torpedo subunit were treated with this antibody followed by a second anti-rabbit fluorescein-labeled antibody. Intense fluorescent patches were found in the transfected cells. Their fine processes were also labeled. No fluorescence was seen in controls (Fig. 1) .
Some 20 clones that survived in the presence of hygromicin were cultured. When a sufficient number of cells were obtained, they were homogenized and their plasma membranes Proc. Natl. Acad. Sci. USA 93 (1996) I collected by centrifugation after removing the nuclear fraction. The membranes were extracted as described and proteins were separated by SDS gel electrophoresis. A monoclonal antibody specific for the Torpedo 16-kDa mediatophore subunit was used in the Western blot (Fig. 2) (14) , transmitter release was triggered by successive addition of calcium ionophore A23187 (4 ,uM) and calcium (10 mM). Release was monitored using the cholineoxidase chemiluminescent procedure. In all release experiments, the sample corresponded to the same cellular AcCh content (1 nmol). At the end of the run, release was calibrated by injecting AcCh standards. Fig. 3 shows two typical release curves. In control clones (cells transfected with the vector alone), the record was flat. In contrast, the cells transfected with the plasmid encoding the mediatophore subunit produced a substantial AcCh release in response to the calcium challenge. The histogram in Fig. 3 compares the rising slope of release performed by different mediatophore-transfected clones. Some clones released more efficiently than others. Some gave a rapid rising phase, while others produced a more sustained release (data not shown). (4 ,uM) and calcium (10 mM). In both cases, the cell samples contained 1 nmol of AcCh. Luminometric assay of AcCh release (16) (17) . (Lower) Slope of the rising phase of release has been compared for controls (Co) and some of the transfected clones. elicited in this way was recorded from the patched myoball as rapid inward currents. The amplitude of evoked currents ranged from 80 to 1500 pA. They showed a tendency to peak at preferential levels separated by regular intervals, suggesting that transmitter release consisted of quantal jumps. From one experiment to another, the intervals ranged from 150 to 200 pA (Fig. 4) . More than 120 cells derived from seven clones transfected with mediatophore gave positive responses as in Fig. 4 . A similar number of controls obtained either from nontransfected cells or from cells transfected with the plasmid alone were examined; no responses or only small signals were recorded from the myoball.
Evoked quantal release was also obtained from NG108-15 and C6-BU-1 cell lines (whose plasma membrane naturally contained the 16-kDa protein). With these cell types and with mediatophore-transfected N18TG-2 cells, the occurrence of spontaneous miniature currents was very infrequent under the present experimental conditions. On the other hand, we have verified that the evoked currents were blocked by tubocurarine (25 ,uM) and that release was Ca2' dependent (currents were reversibly suppressed on incubation with a solution containing no added calcium and 10 mM magnesium).
To find out if the responses recorded from transfected cells were made up of an integral number (0, 1, 2, 3, or more) of units, the data were analyzed by the Poisson law (19) . In a series of 55 consecutive stimuli applied to a transfected cell from the T7 clone, there were 50 responses and 5 failures. From the ratio of the number of stimuli and of the failures, we calculated the mean quantal content of the responses, which in Lower traces, records of evoked currents generated by a cell of the T7 clone in response to 55 consecutive stimuli of constant intensity (1 V; 2 ms) applied at a frequency of 0. (18) and also for the mean size of miniature currents generated by Torpedo synaptosomes (65 pA) (20) , which was the starting material for the present study. From a previous description of the response of Xenopus myoball receptors to AcCh (18, 20, 21) , one can estimate that opening of one receptor produced a current of 1-2 pA under the present experimental conditions. Now, two AcCh molecules are needed to open one receptor and probably "50% of the molecules are wasted in the process. Hence, the quantal size measured here is expected to correspond to 400-1000 AcCh molecules. This is less than the quantum found in the adult neuromuscular or nerve-electroplate junctions (6-10,000) (22) but close to the value described at the embryonic junctions (18) .
How Did Mediatophore Transfection Restore Release? In the discussion of the present finding, we would like to recall that the mediatophore is a protein that was purified on its ability to translocate AcCh upon calcium action and that is localized at the active zone of presynaptic plasma membranes (2, 3) . Antisense probes to mediatophore mRNA block AcCh release from Xenopus oocytes primed with total electric lobe mRNAs (7, 8) . It is also recalled that the release-deficient N18TG-2 cells have very low levels of 16-kDa protein in their plasma membrane (14) . Transfection of these cells with a plasmid encoding the 16-kDa Torpedo protein could have overexpressed the subunit and overcome the defect. The cells, now provided with enough Torpedo 16-kDa subunits, could assemble mediatophore oligomers. A less probable but still open hypothesis would be that a small difference in the N-terminal sequence of V-ATPase and of mediatophore subunits was responsible for their different localization and properties.
Another possibility would be that mediatophore transfection has switched on the expression of other missing proteins necessary for exocytosis. The release-deficient N18TG-2 cell line is actually deficient for several proteins such as choline acetyltransferase (15) and the vesicular AcCh transporter (23). Since we know that choline acetyltransferase and the transporter are coregulated (24) , the easiest way to test the hypothesis was to check choline 4cetyltransferase activity before and after mediatophore transfection. The activity was close to the background level with both cell types: 3.67 ± 0.95 pmol of AcCh per min per 106 cells in parental N18TG-2 cells (mean ± sem; n = 3) and 1.25 ± 0.31 pmol in the T3 mediatophoretransfected clone (n = 3); 1.50 pmol in the Tll clone (n = 1). It would be surprising that a single transfection could switch on the expression of a very large set of proteins (25) . A more probable explanation might be that all the numerous proteins necessary for storage, docking, and exocytosis were in fact present at a low level but at strategic sites in parental N18 cells and that mediatophore transfection would only restore a link in the chain of reactions.
If a fusion pore is formed with the help of a mediatophore, one should take into account the observation that the mediatophore subunit is homologous to the 16-kDa subunit of V-ATPase (4), while physophilin, the membrane target of synaptophysin, is homologous to the 39-kDa V-ATPase subunit (26) . Hence, a mediatophore-physophilin-synaptophysin complex might be a candidate to form a fusion pore between synaptic vesicle and plasma membrane. Mediatophore, which opens upon calcium action at a low affinity (9, 10) , would give the fusion pore its calcium dependency. The high vesicular AcCh concentration would then amplify the elementary signal, leading to a large quantal size.
Our own opinion is that mediatophore may also release AcCh directly from the cytoplasmic pool, as seen in native electric organ nerve terminals (9, 10) , as well as with proteoliposomes (1, 2) and oocytes (8) . An important objection to this view is that the quantal size in natural synapses does not seem to be dependent on the presynaptic membrane potential (19) . The reconstituted system described here will certainly be useful to address this question more directly. Whatever will be the final issue, one will have to take into account that quantal AcCh release can be restored by mediatophore transfection of release-deficient cells. Hence, mediatophore should be considered one of the essential proteins for quantal transmitter release.
